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Introduction {#sec001}
============

Yoghurt is one of the most popular dairy products worldwide, which has gained a positive perception as a healthy and natural product, based on health attributes associated with the probiotic effects of yoghurt starter cultures \[[@pone.0222789.ref001]\]. Yoghurt gels are formed by fermentation of milk using lactic acid bacteria, most commonly used *Streptococcus thermophiles* and *Lactobacillus delbrückii* subsp. *bulgaricus* \[[@pone.0222789.ref002]\]. Consequently, it has been supplemented with natural food additives to obtain a well-perceived and high-value product \[[@pone.0222789.ref003]\].

Date palm pollen (DPP) (*Phoenix dactylifera* L.), are the male reproductive cells of palm flowers and commonly used in the Middle East, especially in Egypt. It is considered as an effective natural and functional dietary food supplement due to its remarkable content of bioactive volatile unsaturated fatty acid and flavonoid compounds that play a crucial role as strong antioxidant, anti-breast-cancer, in addition to their nutritional-physiological implications as health-promoting factors that used worldwide as dietary supplements \[[@pone.0222789.ref004],[@pone.0222789.ref005]\].

Food products with bioactive compounds, such as polyphenols, have increased in popularity due to their positive role against diseases associated with oxidative stress, such as cancer, cardiovascular and neurodegenerative diseases \[[@pone.0222789.ref006]\]. Direct incorporation of bioactive compounds into food products is challenging because of their unstable, and low bioavailability, easily oxidable and sensitive to heat and light, which limits their application in the food industry. From this perspective, it was important to preserve their stability, bioactivity and bioavailability \[[@pone.0222789.ref007],[@pone.0222789.ref008]\].

Rashidinejad found that the availability of phenolic compounds added to yoghurt decreased due to interactions between phenolic compounds and milk proteins \[[@pone.0222789.ref009]\]. These interactions were reported by Haratifar and Corredig, who pointed out that these interactions were the main reason for the reduced antioxidant activity of the added phenolic compounds \[[@pone.0222789.ref010]\].

Nanoencapsulation is widely considered as a useful technology to increase the bioavailability of polyphenols, enhance the stability, lower its toxicity through preventing polyphenols from prematurely interacting with the biological environment, improve intracellular penetration and functionality of bioactive compounds \[[@pone.0222789.ref011],[@pone.0222789.ref012]\]. Applying this technology, enabled the reformulation of a wide variety of food products, allowing products' shelf life elongation and giving new properties supporting their functional bioactive roles \[[@pone.0222789.ref013]\].

The objective of this study was to evaluate the gross chemical composition, physical and functional potentials of date palm pollen raw grains in comparison with DPP ethanol extract and nanoencapsulated DPP. On the other hand, production of functional yoghurt enriched with DPP three forms to investigate the impact of these fortifications on physicochemical, microstructure, texture and sensory characteristics on the DPP yoghurts, in order to precise the most ideal and functional form of DPP to be consumed to gain its maximum potentials with acceptable sensorial properties.

Materials and methods {#sec002}
=====================

Chemicals and materials {#sec003}
-----------------------

Fresh cow and buffalo milk was obtained from the Faculty of Agriculture, Alexandria University, Egypt. Reconstituted skim milk (RSM) \"DAIRYAMERICA, Inc. California, USA\" (34% protein, 51% lactose, 1.2% fat, 8.2% minerals, 4% moisture), was obtained from Alexandria local market. Date palm pollen (DPP) grains was collected ‎from City of Scientific Research and Technological Applications Pilot Farm, Alexandria, Egypt, at the end of spring 2018, and stored in dark glass bottles at ‎‎4°C. Sodium caseinate (NaCas) obtained from American Casein Co. (Burlington, NJ). Soy lecithin and other chemicals were products of Fisher Scientific (Pittsburgh, PA). Folin-Ciocalteu reagent, gallic acid and 1,1-diphenyl---2-pycrylhydrazyl (DPPH) were purchased from Sigma-Aldrich Co. (St. Louis, USA). Lyophilized yoghurt culture YC-X11 consisting of *Lactobacillus delbrueckii* subsp. *bulgaricus* and *Streptococcus thermophilus* (1:1) was obtained from Christen Hansen Laboratories, Copenhagen, Denmark.

Characterization of DPP grains {#sec004}
------------------------------

### Gross chemical composition {#sec005}

Total solids, ash, crude fat, crude protein, crude fiber and total sugars were determined for both DPP grains and DPP yoghurt products according to the Official Methods of Analyses \[[@pone.0222789.ref014]\]. Carbohydrate content was determined as total hydrolysable carbohydrate by the phenol-sulfuric method as described by Dubois *et al* \[[@pone.0222789.ref015]\]. Concentrations of potassium (K) and minerals; calcium, magnesium, iron, zinc and manganese (Ca, Mg, Zn, Fe and Mn) of DPP grains were determined using Atomic Absorption Spectrometry (AAS) according to \[[@pone.0222789.ref016]\]. Titratable acidity of DPP fortified yoghurt samples was expressed as an equivalent percentage of lactic acid according to \[[@pone.0222789.ref017]\].

### Phenolic content of DPP grains (HPLC) {#sec006}

Separation and quantitative determination of polyphenols content of DPP grains were carried out using HPLC apparatus model 1100 (Agilent Technologies, CA, USA) system column: Agilent Eclipse XDB C18 (150 x4.6 μm 5 μm) according to \[[@pone.0222789.ref018]\]. The used standards were; gallic Acid, catechin, caffeic acid, rutin, quercetin, cinnamic acid, coumaric acid, ferulic acid, naringenin and propyl gallate.

Date palm pollen (DPP) extraction and encapsulation {#sec007}
---------------------------------------------------

One hundred grams of DPP grains were extracted using ethanol 80% for 24h then homogenized using ‎‎300VT Ultrasonic Homogenizer (BioLogics, Inc. Manassas, VG, USA) at ‎temperature below 25°C \[[@pone.0222789.ref019]\]. The extracts were filtered and concentrated using rotary evaporator at 45°C. The extract was evaporated under reduced pressure, ‎lyophilized to give a yellow semisolid residue (free extract) (25g) and stored in dark container at 4°C ‎until use.

For encapsulation, Sodium caseinate (NaCas) was hydrated to 5% w/v in deionized water overnight at room temperature (21°C). Soy lecithin 0.5% w/v dissolved in (10 mM sodium phosphate, pH 7). lecithin was mixed with the NaCas solution in ratio 1:1 by gentle magnetic stirring for 1 h. DPP extract was then added to the wall material 10%, and the nanocapsules solution was formed using an Ultra-Turrax homogenizer T18 basic (IKA, Wilmington, USA), operating at a speed of 18,000 rpm for 5 min, ultrasonicated at 160 W power, 20 kHz frequency and with 50% pulse (Sonic Ruptor 400, OMNI International the Homogenizer).

Nanoencapsulation efficiency (EE) determination {#sec008}
-----------------------------------------------

The amount of encapsulated DPP was determined indirectly based on the difference between the total phenolic content of DPP and the free amount of total phenolic content of DPP as described by \[[@pone.0222789.ref020]\]. To determine the amount of free total phenolic content of DPP, 10 mg of the freeze-dried of DPP-loaded SC-L was mixed with 1 mL of purified water. A vortex was mixed for 30 s and then centrifuged at 11,180 ×g for 5 min. Another 10 mg of the sample of freeze-dried DPP-loaded SC- L was mixed with 1 mL of absolute ethanol to determine the total amount of total phenolic content of DPP. The vortex was mixed for 1 h and then centrifuged at 11,180 ×g for 5 min, and the supernatant was retained. Each extraction was repeated three times, and the supernatants for each type of extraction (e.g. into water or ethanol) were used for total polyphenol measurement.‎ The absorbance of each combined supernatant at 760 nm was determined using ultraviolet-visible spectrophotometry (TU-1810DASPC, Beijing Purkinje General Co., Ltd., Beijing, China). The amounts of total and free phenolic content were determined using a standard curve, which was constructed using standard solutions of 10--100 μg/mL‎ gallic acid in methanol. The total phenolic content was expressed as gallic acid an equivalent (GAE) in mg /g ‎sample.‎The %EE was then calculated as follows: $$\% EE = \frac{TPC - FPC}{TPC}X\ 100$$

Where, EE: Encapsulation efficacy, TPC: Total phenolic content and FPC: Free phenolic content.

Nanoencapsulated DPP characterization and evaluation {#sec009}
----------------------------------------------------

### Particle size and ζ-potential {#sec010}

The particle size of the nanocapsules was measured using a static light scattering instrument (Mastersizer 2000, Malvern Instruments, Malvern, UK). The particle size of each sample was represented as the surface-weighted mean diameter (d32), which was calculated from the full particle size distribution. The droplet charge (ζ-potential) of the nanocapsules was measured using particle microelectrophoresis (Zetasizer Nano ZS-90, Malvern Instruments, Worcestershire, UK). Samples were diluted with buffer solutions at appropriate pH prior to measurements in order to avoid multiple scattering effects.

### Microstructural characterization {#sec011}

For preparation of DPP yoghurt samples, cubes (3±0.5mm^3^) were cut from different areas of the yoghurt cup and fixed in 3% glutaraldehyde in 0.05 M phosphate buffer pH 7 for 2 h at 48°C. The fixed cubes were rinsed with 0.05 M phosphate buffer. The fixed cubes were dehydrated by consecutive soaking in 30, 50, 70 and 95% ethanol each for 20 min, and finally was rinsed successively twice by absolute ethanol (100%) at 48°C and 58°C. Cubes were immediately dried in the critical point drier (Samdri PVT-3B, Tousimis, Rockville, MD) for 5h according to Vardhanabhuti \[[@pone.0222789.ref021]\].

The Microstructure of lyophilized DPP nanocapsules aqueous solutions with different concentrations (20, 30 and 40%) using vacuum freeze-dryer (Model FDF 0350, Korea), as well as the prepared yoghurt samples, were analyzed using a scanning electron microscope (SEM- Joel Jsm 6360LA, Japan) after the surfaces were vacuum coated with gold \[[@pone.0222789.ref022]\].

### Fourier transforms infrared (FTIR) spectroscopy {#sec012}

The FTIR spectra of DPP grains, carrier and lyophilized DPP nanocapsules solution (40%) were acquired by using a Fourier transform infrared spectroscopy (Shimadzu FTIR-8400 S, Japan) equipped with (ATR 8000A) in the spectral range of 4000--400 cm^−1^ \[[@pone.0222789.ref023]\].

### Fatty acids content via gas-liquid chromatography {#sec013}

The identification of the components of fatty acids methyl esters was performed using gas liquid chromatography using (Hewlett Packard Model 6890 chromatograph), according to Schumann, and Siekmann \[[@pone.0222789.ref024]\], under the following conditions: Separation was done on an INNO wax (polyethylene glycol) Model No. 19095 N-123, 240°C maximum, capillary column 30.0 m x 530 μm x 1.0 μm, nominal flow 15 mL/ min. with average velocity 89 cm/sec. and pressure 8.2 psi. Column temperature was 240°C with temperature programming: Initial temperature 100°C to 240°C maximum with 10°C rising for each minute and then holds at 240°C/ 10 min. The injection temperature 280°C, back inlet, with split ratio 8:1, split flow120 mL/min., gas saver 20 mL/ min. Carrier gas was nitrogen with flow rate 15 mL/ min. Flame ionization detector temperature 280°C. Hydrogen flow rate 30 mL/ min. Air flow rate 300 mL/min

### Phenolic, flavonoid content and antioxidant potentials {#sec014}

The total phenolic content was expressed as gallic acid equivalents (GAE) in mg /g sample was determined by the Folin--Ciocalteu method \[[@pone.0222789.ref025]\].

Total flavonoid content of the aqueous plant extracts was assessed via colorimetric method as described by Sakanaka \[[@pone.0222789.ref026]\]. The results were expressed as mg of catechol equivalent per g of sample.

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay was performed as described by Brand-Williams and co-authors \[[@pone.0222789.ref027]\]. Antioxidant activity was expressed as an inhibition percent of DPPH radical.

### Cytotoxicity assessment of nanoencapsulated DPP on RPE1 cell line (BJ1) {#sec015}

Safety of applied nanomaterials represented in carrier (NaCas + Lecithin) and DPP nanocapsules was evaluated against human normal RPE1 fibroblast hTERT-BJ1 cell line via the mitochondrial dependent reduction MTT colorimetric assay according to \[[@pone.0222789.ref028]\], at the Bioassay-Cell Culture Laboratory, National Research Centre, Egypt.

In a Laminar flow cabinet biosafety class II level (Baker, SG403INT, Sanford, ME, USA), cells were suspended in DMEM-F12 medium, 1% antibiotic-antimycotic mixture (10,000U/mL potassium penicillin, 10,000μg/mL streptomycin sulfate and 25μg/mL amphotericin B) and 1% L-glutamine at 37°C under 5% CO~2~. Cells were batch cultured for 10 days, then seeded at concentration of 10x10^3^ cells/well in fresh complete growth medium in 96-well microtiter plastic plates at 37°C/ 24 h under 5% CO~2~ using a water jacketed carbon dioxide incubator (Sheldon, TC2323, Cornelius, OR, USA). Media was aspirated, fresh medium (without serum) was added and cells were incubated either alone (negative control) or with serial concentration of (100, 50, 25, 12.5, 6.25, 3.125, 1.56 and 0.78 ug/mL) of DPP nanocapsules and carrier (NaCas+ Lecithin). After 48 h of incubation, medium was aspirated, 40uL MTT salt (2.5 μg/mL) were added to each well and incubated for further four hours at 37°C under 5% CO~2~. To stop the reaction and dissolving the formed crystals, 200μL of 10% sodium dodecyl sulphate (SDS) in deionized water was added to each well and incubated overnight at 37°C. DOX were used as positive control at 100μg/mL gives 100% lethality under the same conditions \[[@pone.0222789.ref029]\]. The cells were examined under light microscope (CKX410Olympus, Japan) at magnification of (X100).

The absorbance was measured using a microplate multi-well reader (Bio-Rad Laboratories Inc., model 3350, Hercules, California, USA) at 595nm and a reference wavelength of 620nm. A statistical significance was tested between the carrier (NaCas+ Lecithin), DPP nanocapsules and negative control using independent t-test by SPSS 11 program. A probit analysis was carried for IC~50~ and IC~90~ determination using SPSS 11 program. The percentage of change in viability was calculated according to the formula: $$\left( \left( S/NC \right) - 1 \right)\ x\ 100$$

Where, S: Absorbance of sample and NC: Absorbance of negative control

Manufacture of DPP yoghurt with different formulations {#sec016}
------------------------------------------------------

Cow and buffalo milk was mixed with ratio (1:1) and standardized using skimmed milk powder (SMP) to raise SNF from (8.5) up to (13%). The milk then was homogenized at 200 bar and heat treated at 85°C for 15 min. Hot milk was divided into four equal portions, C; Control plain yoghurt, T~1~; yoghurt enriched with DPP grains, T~2~; yoghurt enriched with DPP ethanol extract and T~3~; yoghurt enriched with DPP nanoencapsulated extract (40%). DPP in all forms was added with enrichment percent of 0.75%, (w/v) of milk. The mix was cooled to 42±1°C then inoculated with (0.03 g/kg) of yoghurt culture YC-X11, poured into 100 mL plastic cups and incubated at 42±1°C until set coagulation at pH \~4.6 (About 5h), then cooled and stored at 4°C \[[@pone.0222789.ref030]\].

Physical characteristics of DPP yoghurt {#sec017}
---------------------------------------

### Color analyses {#sec018}

Color analyses for DPP yoghurt samples were conducted via Hunter colorimeter (Hunter Ultra Scan VIS). Values were expressed by Hunter *L*, *a*, and *b* values where, *L*\* value of the lightness, as 0--100 representing dark to light, *a*\* value of the degree of red and green color where higher positive indicating more red, and *b*\* value of the degree of the yellow and blue colors, where higher value indicating more yellow \[[@pone.0222789.ref031]\].

### The apparent viscosity {#sec019}

The apparent viscosity of the yoghurt was determined by using a Brookfield digital viscometer (Model DV-II + Pro, Brookfield Engineering Laboratories, Middleboro, MA, USA) at 24.8°C with spindle number SC4-15 after 30sec rotation of 80 rpm. Yoghurt samples were stirred for 40 sec before analyzing and results recorded in centipoises (cp) after 50 sec of shearing \[[@pone.0222789.ref032]\].

### Syneresis and water holding capacity (WHC) {#sec020}

The yoghurt susceptibility to syneresis and WHC were determined by the method reported by \[[@pone.0222789.ref033]\]

Texture profile analyses (TPA) {#sec021}
------------------------------

Textural properties of DPP yoghurt products were evaluated using a texture analyzer (TA1000, Lab Pro (FTC TMS-Pro), USA). Samples were tested in their cups using TA 17 probe (30 mm height and 25 mm diameter), samples were allowed to stand at ambient temperature for at least 1h before testing. A two-bite penetration test was performed and operated at a crosshead speed of 1 mm/sec and penetration distance of 10 mm. Hardness, adhesiveness, cohesiveness, springiness and gumminess were evaluated as described by \[[@pone.0222789.ref034],[@pone.0222789.ref035]\].

Microbiological analyses {#sec022}
------------------------

The conventional diluting pouring plate technique was used for enumerating microbes in the samples. For total microbial viable count (PCA) of Biolife (Italy) was used, Members of Lactobacilli sp. on MRS agar (Biolife), and the enumeration of yeast and mold was on potato dextrose agar (Biolife) acidified media as described by Standard Methods for the Examination of Dairy Products \[[@pone.0222789.ref036]\]. The results were calculated directly as colony forming unit (CFU /g).

Sensory evaluation {#sec023}
------------------

Ten panelists, (6 men and 4 women, aged between 27 to 51 years), conducted sensory evaluation on fresh DPP fortified yoghurt samples; plain yoghurt, yoghurt enriched with DPP grains, yoghurt enriched with DPP ethanol extract and yoghurt enriched with DPP nanoencapsulated extract (40%), at Dairy Research Department and Food Technology Research Institute and Food Technology Dept., Arid Lands Cultivation Research Institute, SRTA-City, Alexandria, Egypt as described by \[[@pone.0222789.ref037]--[@pone.0222789.ref039]\] with some modifications. The criteria for selection depended on their experience and background related to yoghurt products. The samples, which were stored at (4°C), were allowed to rest at room temperature (25°C), 10 min before evaluation. The samples were evaluated using a 10 point Hedonic scale \[[@pone.0222789.ref040]\]. This scale consisted of the test parameters of flavor, body & texture, appearance & color, odour and overall acceptability, accompanied by a scale of ten categories as: 1 = dislike extremely; 2 = dislike much; 3 = dislike moderately; 4 = dislike slightly, 5 = neither dislike nor like, 6 = like slightly; 7 = like moderately; 8 = like much; 9 & 10 = like extremely.

Statistical analyses {#sec024}
--------------------

All data were expressed as mean values ± SD. Statistical analyses were performed via Statistical Analyses System (SAS) software program (SAS Institute 2004). Statistical analyses were performed using one-way analyses of variance (ANOVA) followed by Duncan's test. Sensory properties were analyzed statistically by two-way analyses of variance using (ANOVA) followed by t-test (LSD). Differences were considered significant at *p* \< 0.05.

Results and discussion {#sec025}
======================

Characterization of DPP grains {#sec026}
------------------------------

### The gross chemical composition {#sec027}

[Table (1)](#pone.0222789.t001){ref-type="table"} illustrates the gross chemical composition of Egyptian DPP grains. The calculated energy value was 310.88 Kcal/ 100g. Results indicated that protein, carbohydrate and fat represented 40%, 19% and 12%, respectively of DPP total solids content. Nutrient results were in agreement with Hassan \[[@pone.0222789.ref041]\].

10.1371/journal.pone.0222789.t001

###### Gross composition of DPP grains.

![](pone.0222789.t001){#pone.0222789.t001g}

  Component        Content            %DV
  ---------------- ------------------ ---------
  **Energy**       310.88 **Kcal.**   
  **Nutrients**    **g/100g**         
  Total solids     91.11±0.43         \--
  Ash              10\. 23±0.02       \--
  Crude fat        10.80±0.03         16.61
  Crude protein    36.28±0.57         72.56
  Crude fiber      8.09±0.13          32.36
  Total sugar      6.50±0.69          13.00
  Carbohydrate     17.14±0.47         5.71
  **Minerals**     **mg/100g**        
  Calcium (Ca)     560.00             56.00
  Potassium (K)    750.00             21.42
  Magnesium (Mg)   318.70             79.67
  Iron (Fe)        226.50             1258.33
  Zinc (Zn)        124.40             829.33
  Manganese (Mn)   70.00              17.50

Nutrients data represented the means ± standard deviation, n = 3

[Table (1)](#pone.0222789.t001){ref-type="table"}, also shows that DPP constitute a rich source of mineral elements. The main mineral on concentration basis was potassium 750 mg/100g, followed by calcium 560 mg/100g, magnesium 318.7 mg/100g, and iron 226.5 mg100/g. DPP also contain useful amount of zinc 124.4 mg/100g, manganese and 70 mg/100g. On the other hand, Comparing according to daily value basis revealed that 100g of examined DPP provide an excessive amount of iron and zinc (1258.33 and 829.33%DV, respectively) and more than half daily requirements of magnesium and calcium (79.6756 and 56%DV). Being a good source of minerals such as zinc, iron made the date palm pollen to be related with stimulation of sperm motility and the progressive forward movement \[[@pone.0222789.ref042]\].

### Identification of phenolic compounds (HPLC) {#sec028}

The findings ([Table 2](#pone.0222789.t002){ref-type="table"}) revealed the presence of ten polyphenols compounds, namely gallic acid, catechin, caffeic acid, rutin, quercetin, cinnamic acid, coumaric acid, ferulic acid, naringenin and propyl gallate. Those compounds were partially identified by the comparison of their retention times to those of authentic standards analyzed under identical conditions. The results indicate that DPP contained 19.20 μg/ml gallic acid, 191.73 μg/ ml catechin, 1.74 μg/ ml coffeic acid, 3.71 μg/ ml rutin, 3.91 μg/ ml quercetin, 0.46 μg/ ml cinnamic acid, 0.56 μg/ ml coumaric acid, 0.57 μg/ ml ferulic acid, 0.54 μg/ ml naringenin and 0.51 μg/ ml propyl gallate, similar to [Abed El-Azim]{.ul} [\[[@pone.0222789.ref043]\].]{.ul} While [Daoud]{.ul} reported reach phenolic content of various extracts of two Tunisian cultivars DPP \[[@pone.0222789.ref044]\]. Catechins are flavonoid compounds found in a variety of plant. Catechins showed to be the major phenolic compounds in DPP. These results were in agreement with what previously reported by Grzesik \[[@pone.0222789.ref045]\].

10.1371/journal.pone.0222789.t002

###### Phenolic compounds profile of DPP extract.

![](pone.0222789.t002){#pone.0222789.t002g}

  Phenolic compound   Concentration (μg/ml)
  ------------------- -----------------------
  Gallic Acid         19.20
  Catechin            191.73
  Caffeic Acid        1.74
  Rutin               3.71
  Quercetin           3.91
  Cinnamic Acid       0.46
  Coumaric Acid       0.56
  Ferulic Acid        0.57
  Naringenin          0.54
  Propyl Gallate      0.51

Gas-Liquid Chromatographic analysis of fatty acids content

Gas-Liquid Chromatographic analysis of fatty acids contents of DPP before and after 80% ethanol extraction are represented in [Table 3](#pone.0222789.t003){ref-type="table"}. Results showed that the lipids fraction in the DPP grains and DPP ethanol extract included 11 fatty acids. The DPP grains content of SFA was: palmitic, myristic, arachidic, lauric, stearic and capric, arranged in a descending order according to concentrations 24.24, 16.22, 6.64, 5.08, 3.43 and 0.46 g/ 100g, respectively. Ethanol extraction of DPP grains was found to suppress the SFA content especially myristic, arachidic and lauric to 0.75, 1.09 and 0.85 g/100g, respectively. These results agreed with Lima \[[@pone.0222789.ref046]\]. Palmitoleic and oleic acids represented the monounsaturated fatty acids in the DPP that exert the good flavor as previously reported \[[@pone.0222789.ref047]\]. Unsaturated fatty acids constitute of both DPP grains and extract represented 43.93 and 68.39%, respectively of total fatty acids content, with dominance of oleic acid (ω-9) (7.11 and 12.15%) and linoleic acid (ω-6) (20.26 and 35.38%), respectively. Noteworthy that extraction of DPP increased the levels of unsaturated fatty acids content (especially ω-9, ω-6 and ω-3) and decreased the saturated fatty acids content by almost two folds as pronounced in UFAs: SFAs ratio of DPP grains and extract that recorded (0.78: 1 and 2.16:1, respectively). Furthermore, extraction raised the ω6/ ω3 ratio from 2.31 up to 2.83. Optimal dose or ratio of omega-6/omega-3 is an important determinant of health that varies from 1/1 to 4/1, as appropriate amounts of dietary omega-6 and omega-3 fatty acids are needed to be considered in making dietary recommendations, and should be distinguished in food labels because they are metabolically and functionally distinct \[[@pone.0222789.ref048],[@pone.0222789.ref049]\].

10.1371/journal.pone.0222789.t003

###### Gas-Liquid chromatographic analysis of fatty acids content.

![](pone.0222789.t003){#pone.0222789.t003g}

  Components               Symbol        DPP grains (g/100g)   DPP extract (g/100g)
  ------------------------ ------------- --------------------- ----------------------
  **SFAs**                                                     
  Capric acid              (Cl0:0)       0.46                  0.84
  Lauric acid              (Cl2:0)       5.08                  0.85
  Myristic acid            (Cl4:0)       16.22                 0.75
  Palmitic acid            (Cl6:0)       24.24                 24.89
  Stearic acid             (Cl8:0)       3.43                  3.19
  Arachidic acid           (C20:0)       6.64                  1.09
  **USFAs**                                                    
  **MUFAs**                                                    
  Palmitoleic acid         (Cl6:l n-7)   7.23                  7.5
  Oleic acid               (Cl8:l n-9)   7.11                  12.15
  **PUFAs**                                                    
  Linoleic acid            (Cl8:2 n-6)   20.26                 35.38
  Linolenic acid           (Cl8:3 n-3)   8.76                  12.52
  Arachidonic acid         (C20:4 n-6)   0\. 57                0.78
  **SFAs**                               56.07                 31.61
  **UFAs**                               43.93                 68.39
  **MUFAs**                              14.34                 19.71
  **PUFAs**                              29.59                 48.68
  **PUFAs: MUFAs ratio**                 2.06                  2.47
  **UFAs: SFAs ratio**                   0.78: 1               2.16:1
  **ω6/ ω3 ratio**                       2.31                  2.83

SFAs; Saturated fatty acids, USFAs; Unsaturated fatty acids, MUFAs; Monounsaturated fatty acids, PUFAs; Polyunsaturated fatty acids

Nanoencapsulation efficiency {#sec029}
----------------------------

[Table (4)](#pone.0222789.t004){ref-type="table"} illustrated the encapsulation efficiency of the DPP extractions with ratios of 20, 30, and 40 mg/ g NaCas-L. The encapsulation efficiency was 93.78%, 91.70%, and 89.65% for ratios of 20, 30, and 40 mg/ g NaCas-L, respectively. It was observed that there was no significant difference between the concentration 20 and 30 mg in loading efficiency which indicated that 5% w/v NaCas reached its encapsulation capacity under the conditions studied. The encapsulation efficiency as determined decreased to around 89.65% with 40 mg/g NaCas and did not decrease significantly because lecithin may be working to increase the efficiency of loading, especially for the hydrophobic phase. These results are in agreement with Pan and Rezaei \[[@pone.0222789.ref050],[@pone.0222789.ref051]\]. The NaCas-HMP and NaCas-CMC showed high encapsulation efficiency for curcumin and a better choice for a product where transparency is needed \[[@pone.0222789.ref052]\].

10.1371/journal.pone.0222789.t004

###### Size (nm) and ζ potential (mV), ‎polydispersity index (PDI), and encapsulation efficiency‎ for NaCas-L and DPP encapsulated.

![](pone.0222789.t004){#pone.0222789.t004g}

  ----------------------------------------------------------------
  Sample   Size\    Calculated\   ζ potential\   Encapsulation\
           (nm)     PDI           (mV)           Efficiency %
  -------- -------- ------------- -------------- -----------------
  0 DPP    174.60   0.220         -22.3          \--

  20 DPP   198.30   0.468         -10.50         93.78± 3.24^a^

  30 DPP   249.60   0.527         -10.60         91.70 ± 2.31^a^

  40 DPP   274.90   0.531         -10.70         89.65 ± 3.15^b^
  ----------------------------------------------------------------

Results are means ± standard deviation for triplicates.

Different superscripts indicate differences in the means (*p* \< 0.05).

NaCas-L dispersions at pH 7.0 with DPP extraction had a much lower magnitude of ζ potential when compared with NaCas alone, and the DPP concentration did not affect the ζ potential significantly ([Table 4](#pone.0222789.t004){ref-type="table"}). Theoretically, casein particles are expected ζ potential more negatives because of a smaller quantity of κ-casein per particle. The ζ potential results in the [Table (4)](#pone.0222789.t004){ref-type="table"} agree with this expectation based on the particle size. The ζ potential high magnitude can prevent particle aggregation during storage. The sizes of NaCas-L and the encapsulated DPP followed a normal distribution curve but with the broader right side in case of encapsulated DPP indicating the presence of ‎large size particles. This was also apparent from comparing the mean particle size and the ‎PDI of the NaCas-L and the encapsulated DPP ([Table 4](#pone.0222789.t004){ref-type="table"}). Increasing the percentage of loaded DPP ‎increased the size of the capsules (p\<0.05). However, the size of 20 mg entrapped DPP ‎particles was comparable to that of NaCas-L.

Characterization of nanoencapsulated DPP {#sec030}
----------------------------------------

### Microstructural characterization {#sec031}

[Fig 1A, 1B, 1C and 1D](#pone.0222789.g001){ref-type="fig"} showed SEM micrograph of Egyptian date palm pollen grains (100μm, X200, 10kV) and freeze-dried nanoencapsulated DPP with different extract concentrations 20%, 30% 40% at the same magnification (100μm, X100, 10kV). In the micrograph ([Fig 1A](#pone.0222789.g001){ref-type="fig"}), the Egyptian DPP grains appeared relatively uniform, smooth surface and oval-shaped with a longitudinal groove which may play an important role as a diagnostic mark of the plant. The grain dimensions were 19± 0.02μm and 7± 0.07μm for long and short axes, respectively. Similar observations were reported concerning DPP grains originated from United Arab Emirates (UAE) and Iran \[[@pone.0222789.ref053],[@pone.0222789.ref054]\].

![SEM micrographs of date palm pollen grains and nanoencapsulated DPP with different extract concentrations.\
Date palm pollen grains (100μm, X200, 10kV) (A). Nanoencapsulated DPP with extract concentration 20% (100μm, X100, 10kV) (B). Nanoencapsulated DPP with extract concentration 30% (100μm, X100, 10kV) (C). Nanoencapsulated DPP with extract concentration 40% (100μm, X100, 10kV) (D).](pone.0222789.g001){#pone.0222789.g001}

Micrographs [Fig 1B, 1C and 1D](#pone.0222789.g001){ref-type="fig"} indicated that microstructure of nanoencapsulated DPP was affected by increasing extract concentration to become softer and more intact with fewer gaps between its particles. On the other hand, freeze-drying of natural biopolymers originated from plants was reported to exert better microstructure that leads to better performance of functional properties \[[@pone.0222789.ref037]\].

### Fourier transforms infrared (FTIR) spectroscopy {#sec032}

Fig ([2](#pone.0222789.g002){ref-type="fig"}) shows IR spectra graphs of DPP grains, carrier and encapsulated DPP (40%) in order to facilitate marking changes in functional groups with extraction and encapsulation. The IR spectra articulated that DPP functional groups did not affect with extraction and encapsulation procedures. Furthermore, the most displayed functional groups in IR spectra of DPP either in grains or encapsulated forms, were in the region between 1630 and 1000 cm^-1^ that represent soluble amides (proteins) and polysaccharides (fibers) functional groups. Some plants was reported to be a complex polymeric substances of carbohydrate nature with branched structure of polar glycoprotein and exopolysaccharides \[[@pone.0222789.ref037],[@pone.0222789.ref055]\]. These results are in convenience with gross chemical composition represented in ([Table 1](#pone.0222789.t001){ref-type="table"}), where protein and carbohydrates represent the main constituents of DPP grains.

![Fourier transform infrared spectrophotometer (FTIR) of DPP grains, carrier and encapsulated DPP (40%).](pone.0222789.g002){#pone.0222789.g002}

### Total phenolic, total flavonoids content and antioxidant potentials {#sec033}

[Table (5)](#pone.0222789.t005){ref-type="table"} represent phenolic, flavonoid content and antioxidant potentials of DPP grains, ethanol extract and encapsulated DPP in addition to the impact of their fortification in yoghurt products. DPP forms can be arranged in descending order according to total phenolic content as follows, DPP ethanol extract, encapsulated and DPP grains (74.9, 43.19 and 17.43 mg/ g). This may be attributed to the initial high phenolic content of DPP grains ([Table 2](#pone.0222789.t002){ref-type="table"}) which increased by ethanol extraction. Same pattern was announced in flavonoid content. Antioxidant scavenging potentials are represented with IC~50~ (mg/ ml), the inhibitory concentration at which 50% of DPPH radicals are scavenged. Results revealed that the highest antioxidant potential amongst the three forms of DPP was the 80% ethanol extract followed by encapsulated form then The DPP grains with values of (11.76, 19.56 and 35.54 mg/ ml, respectively). DPP antioxidant potentials was previously documented \[[@pone.0222789.ref044],[@pone.0222789.ref056]\]. Fortifying with these forms of DPP reflected the same pattern on the yoghurt products exerting functional properties.

10.1371/journal.pone.0222789.t005

###### Phenolic content and antioxidant potentials.

![](pone.0222789.t005){#pone.0222789.t005g}

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Sample                        Total phenolic[\*](#t005fn002){ref-type="table-fn"}   Total flavonoids[\*](#t005fn002){ref-type="table-fn"}   Antioxidant (DPPH)\
                                                                                                                                              (IC~50~) [\*\*](#t005fn003){ref-type="table-fn"}
  ----------------------------- ----------------------------------------------------- ------------------------------------------------------- --------------------------------------------------
  DPP grains                    17.43±0.16                                            13.16±0.20                                              35.54±0.43

  DPP ethanol extract           74.90±0.55                                            26.28±0.81                                              11.76±0.35

  DPP encapsulated              43.19±0.75                                            13.78±0.47                                              19.56±0.16

  C (Control)                   5.47±0.36                                             12.08±0.01                                              584.33±0.74

  T~1~ (DPP grains)             8.85±0.59                                             12.26±0.09                                              216.38±0.81

  T~2~ (DPP ethanol extract)    27.50±0.14                                            17.46±0.18                                              45.09±0.48

  T~3~ (Nanoencapsulated DPP)   14.27±0.74                                            12.26±0.09                                              141.77±0.91
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Results represent means of duplicates ±SD

\*Total phenolic total flavonoids contents are expressed as mg/ g sample

\*\*IC~50~ (mg/g): Inhibitory concentration at which 50% of DPPH radical is scavenged

C: Control plain yoghurt, T~1~; Yoghurt enriched with DPP grains, T~2~; Yoghurt enriched with DPP ethanol extract and T~3~; Yoghurt enriched with DPP nanoencapsulated extract (40%)

### Cytotoxicity assessment of nanoencapsulated DPP on RPE1 cell line (BJ1) {#sec034}

[Table (6)](#pone.0222789.t006){ref-type="table"} illustrated the cytotoxicity of carrier (NaCas+ Lecithin) and DPP nanocapsules against human normal RPE1 fibroblast hTERT-BJ1 cell line. The results revealed that the used materials did not show any adverse effects on RPE1 cells up to 100 μg/mL with incubation for 48h, and percentage of cell death did not exceed 1.2% and 10.3% at the higher applied concentration 100 μg/mL in both carrier (NaCas+ Lecithin) and DPP nanocapsules treated cells respectively. Accordingly, morphological examination of RPE1 normal human retina cells on light microscope shown in [Fig 3A, 3B and 3C](#pone.0222789.g003){ref-type="fig"}, did not show any morphological changes in treated cells using concentration of 100 μg/mL and incubation for 48h, which appeared similar in architecture to negative control. The obtained results agreed with \[[@pone.0222789.ref057],[@pone.0222789.ref058]\], who reported the safety of lecithin and date palm pollen. These results revealed the safe use of carrier and DPP nanocapsules which encourage their food applications.

![Morphological examination of RPE1 normal human retina cells.\
Light microscopy observation of treated RPE1 normal human retina cells using concentrations of 100 μg/ mL after 48h (X100). RPE1 negative control (A). RPE1 treated with carrier (NaCas + Lecithin) (B). RPE1 treated with DPP nanocapsules (C).](pone.0222789.g003){#pone.0222789.g003}

10.1371/journal.pone.0222789.t006

###### Cytotoxicity assessment of DPP nanocapsules on human normal RPE1 (BJ1) cells.

![](pone.0222789.t006){#pone.0222789.t006g}

  Sample                      IC~50~[~\*~](#t006fn001){ref-type="table-fn"}   IC~90~[~\*\*~](#t006fn002){ref-type="table-fn"}   Percentage of cell death
  --------------------------- ----------------------------------------------- ------------------------------------------------- --------------------------
  Negative control            ND                                              ND                                                0%
  Carrier (NaCas+ Lecithin)   ND                                              ND                                                1.2% at 100 μg/mL
  DPP nanocapsules            ND                                              ND                                                10.3% at 100 μg/mL

\*IC~50~ μg/mL): Lethal concentration which causes the death of 50% of cells in 48 h

\*\*IC~90~ (μg/mL): Lethal concentration which causes the death of 90% of cells in 48 h

Sample concentrations range (100 to 0.78 μg/mL)

ND: Not detected

Physicochemical properties of DPP yoghurt types {#sec035}
-----------------------------------------------

### Chemical characterization {#sec036}

Gross chemical composition of yoghurt types fortified with different DPP forms including total solids, fat, protein, total sugars, ash and acidity are illustrated in [Table 7](#pone.0222789.t007){ref-type="table"}. Results revealed insignificant increase in total solid and acidity in the enriched DPP yoghurt (T~1~, T~2~ and T~3~) compared to control. DPP enrichment did not noticeably affect other chemical parameters, fat, protein, total sugars and ash contents, due to small fortification percent (0.75% w/v) of milk. These results are in accordance with previously reported by Metry and Yerlikaya \[[@pone.0222789.ref059],[@pone.0222789.ref060]\].

10.1371/journal.pone.0222789.t007

###### Physicochemical characteristics of DPP yoghurt.

![](pone.0222789.t007){#pone.0222789.t007g}

  Parameter                                     Control                                            T~1~                                               T~2~                                               T~3~
  --------------------------------------------- -------------------------------------------------- -------------------------------------------------- -------------------------------------------------- --------------------------------------------------
  Chemical characterization (g/100g)                                                                                                                                                                     
  Total solids                                  15.19±0.08[^a^](#t007fn002){ref-type="table-fn"}   16.16±0.15[^a^](#t007fn002){ref-type="table-fn"}   16.56±1.09[^a^](#t007fn002){ref-type="table-fn"}   16.77±0.27[^a^](#t007fn002){ref-type="table-fn"}
  Fat                                           3.30±0.07[^a^](#t007fn002){ref-type="table-fn"}    3.50±0.03[^a^](#t007fn002){ref-type="table-fn"}    3.40±0.03[^a^](#t007fn002){ref-type="table-fn"}    3.30±0.00[^a^](#t007fn002){ref-type="table-fn"}
  Protein                                       3.21±0.04[^a^](#t007fn002){ref-type="table-fn"}    3.30±0.03[^a^](#t007fn002){ref-type="table-fn"}    3.27±0.21[^a^](#t007fn002){ref-type="table-fn"}    3.17±0.14[^a^](#t007fn002){ref-type="table-fn"}
  Total sugars                                  4.76±0.03[^b^](#t007fn002){ref-type="table-fn"}    4.54±0.03[^b^](#t007fn002){ref-type="table-fn"}    4.78±0.01[^b^](#t007fn002){ref-type="table-fn"}    4.50±0.14[^b^](#t007fn002){ref-type="table-fn"}
  Ash                                           1.09±0.02[^b^](#t007fn002){ref-type="table-fn"}    1.11±0.12[^b^](#t007fn002){ref-type="table-fn"}    1.13±0.03[^b^](#t007fn002){ref-type="table-fn"}    1.18±0.37[^b^](#t007fn002){ref-type="table-fn"}
  Titratable Acidity                            0.87±0.01[^b^](#t007fn002){ref-type="table-fn"}    0.92±0.02[^b^](#t007fn002){ref-type="table-fn"}    0.90±0.02[^b^](#t007fn002){ref-type="table-fn"}    0.95±0.01[^b^](#t007fn002){ref-type="table-fn"}
  Physical characterization (Colour analyses)                                                                                                                                                            
  L\*                                           88.9±0.81[^a^](#t007fn002){ref-type="table-fn"}    83.14±0.46[^b^](#t007fn002){ref-type="table-fn"}   87.92±0.62[^a^](#t007fn002){ref-type="table-fn"}   88.28±0.43[^a^](#t007fn002){ref-type="table-fn"}
  a\*                                           1.85±0.30 [^a^](#t007fn002){ref-type="table-fn"}   0.11±0.03[^b^](#t007fn002){ref-type="table-fn"}    2.07±0.42[^a^](#t007fn002){ref-type="table-fn"}    2.33±0.18[^a^](#t007fn002){ref-type="table-fn"}
  b\*                                           8.33±0.64 [^a^](#t007fn002){ref-type="table-fn"}   10.31±0.33[^b^](#t007fn002){ref-type="table-fn"}   10.38±0.26[^b^](#t007fn002){ref-type="table-fn"}   8.46±0.73[^a^](#t007fn002){ref-type="table-fn"}

Data presented are the means of duplicates ±SD

^a,b,..^Mean in the same row followed by different superscript letters differ significantly (*p*\<0.05)

L\*, value measuring black (0)/white (100); a\*, value measuring green (-)/red (+); b\*, value measuring blue (-)/yellow (+)

Control plain yoghurt, T~1~; Yoghurt enriched with DPP grains, T~2~; Yoghurt enriched with DPP ethanol extract and T~3~; Yoghurt enriched with DPP nanoencapsulated extract (40%)

### Physical characterization {#sec037}

The color analyses of fortified DPP yoghurt are illustrated in [Table 7](#pone.0222789.t007){ref-type="table"}. T~1~ showed significant decrease in both Lightness (L) and a with increased b values compared to control. This result indicates darker yellowish color that matched the sensory evaluation. T~2~ also showed to be yellowish as it affected b values to significant increase. The color differences in T~1~ and T~2~ in DPP grains and ethanol extract forms used to enrich yoghurts mainly can be relied to brownish yellow color of used DPP. On the other hand, fortifying with encapsulated DPP form did not indicate any differences in color with control. These results are supported with sensory evaluation results.

[Fig (4A)](#pone.0222789.g004){ref-type="fig"} illustrated viscosity in fortified DPP yoghurt. The viscosity values tended to increase in T~1~ and T~2~ (fortified with DPP grains and ethanol extract, respectively), while viscosity values decreased in T~3.~ This phenomenon may be explained as the NaCas and Lecithin in the encapsulated DPP form enhanced the phase separation and consequently lowered the viscosity \[[@pone.0222789.ref061],[@pone.0222789.ref062]\].

![Physical characteristics of fortified yoghurt.\
Viscosity (a). Syneresis (b). water-holding capacity (WHC) (c). C: Control plain yoghurt, T~1~; Yoghurt enriched with DPP grains, T~2~; Yoghurt enriched with DPP ethanol extract and T~3~; Yoghurt enriched with DPP nanoencapsulated extract (40%).](pone.0222789.g004){#pone.0222789.g004}

Fortifying yoghurt with different DPP forms decreased syneresis and increase WHC especially in the encapsulated form (T~3~) as shown in [Fig 4B and 4C](#pone.0222789.g004){ref-type="fig"}. The relation trend of expelled whey (syneresis) and WHC in all samples showed to be inversely proportional. The elevation of total solids of DPP enriched yoghurt ([Table 7](#pone.0222789.t007){ref-type="table"}) increased the bound water (WHC) which consequently suppressed water separation. Low WHC and whey separation in plain control yoghurt may be related to unstable gel network with extreme rearrangements \[[@pone.0222789.ref063]\].

Texture profile analyses (TPA) of DPP yoghurt types {#sec038}
---------------------------------------------------

Texture profile analyses of DPP yoghurt with different forms during the storage are exhibited in ([Fig 5A--5F](#pone.0222789.g005){ref-type="fig"} representing hardness, adhesiveness, cohesiveness, springiness, gumminess and chewiness, respectively. Fortifying with of DPP forms to be involved in the yoghurt matrix, affected positively the TPA of enriched yoghurt. T~1~, T~2~ and T~3~ DPP fortified yoghurt types exhibited differences in their behavior as compared to control yoghurt (C). Either fresh or along the storage period, enriched yoghurt recorded higher values of the hardness, cohesiveness, gumminess and chewiness as compared to control yoghurt. On the contrary, adhesiveness and springiness of fortified yoghurt types decreased in comparison with control yoghurt. The increase of hardness and cohesiveness could be due to the reduction of pH during storage, causing the gel to contract and consequently increased gel firmness \[[@pone.0222789.ref064]\]. The results revealed an inverse relationship between adhesiveness and hardness. In addition, the increased hardness may result in improvement of the yoghurt texture making it less susceptible to rearrangements within its network and consequently less susceptible to shrinkage and serum expulsion, which were previously reported \[[@pone.0222789.ref059],[@pone.0222789.ref065]\]. According to the texture analyses data, yoghurt fortified with the nanoencapsulation DPP form (T~3)~ exhibited the best texture among other fortified types and control.

![Texture profile analyses of DPP yoghurt with different forms during the storage.\
Hardness (A). Adhesiveness (B). Cohesiveness (C). Springiness (D). Gumminess (E). Chewiness (F). C: Control plain yoghurt, T~1~; Yoghurt enriched with DPP grains, T~2~; Yoghurt enriched with DPP ethanol extract and T~3~; Yoghurt enriched with DPP nanoencapsulated extract (40%).](pone.0222789.g005){#pone.0222789.g005}

Microstructural characterization {#sec039}
--------------------------------

[Fig 6A, 6B, 6C and 6D](#pone.0222789.g006){ref-type="fig"} illustrated DPP fortified yoghurt with different forms control plain yoghurt, yoghurt enriched with DPP grains T~1~, yoghurt enriched with DPP ethanol extract T~2~ and yoghurt enriched with DPP nanoencapsulated extract (40%) T~3,~ respectively (50μm, X500, 10kV). Nanoencapsulated DPP fortified yoghurt ([Fig 6D](#pone.0222789.g006){ref-type="fig"}) showed to be more similar to control ([Fig 6A](#pone.0222789.g006){ref-type="fig"}) while other fortification forms ([Fig 6B and 6C](#pone.0222789.g006){ref-type="fig"}) revealed intact sheets like structure which could significantly affect sensory evaluation. This result indicated that nanoencapsulated DPP was able to arrange through yoghurt structure with less effect.

![SEM micrographs DPP fortified yoghurt with different forms (50μm, X500, 10kV).\
Control plain yoghurt (A). Yoghurt enriched with DPP grains T~1~ (B). Yoghurt enriched with DPP ethanol extract T~2~ (C). Yoghurt enriched with DPP nanoencapsulated extract (40%) T~3~ (D).](pone.0222789.g006){#pone.0222789.g006}

Microbiological analyses {#sec040}
------------------------

Microbiological analyses of DPP fortified yoghurt with different forms including total viable counts, *Lactobacilli* sp. counts and yeast and molds (CFU/ g) are illustrated in ([Table 8](#pone.0222789.t008){ref-type="table"}). The main aim of microbiological analyses of fortified yoghurt types was to ensure that these fortifications do not represent obstructions in the viability of the lactic acid bacteria and yoghurt starter culture represented in *Lactobacilli* sp. group, in addition to the assessment to the best-before date. This target was achieved as obtained results of the three forms of DPP fortification did not significantly affect viable counts of either total or *Lactobacilli* group counts comparing to control unfortified yoghurt type along the storage period. Additionally, yeast and molds were not detected in all treatments along the 15 storage days which indicate good hygienic conditions of processing. Noteworthy, that total viable counts of fortified yoghurt types exceeded 10^6^ CFU/ g (till the tenth day of storage which nominate these yoghurts to be symbiotic functional products containing the recommended count of viable probiotics (10^6^ CFU/ g) and fortified with DPP prebiotic. As a guide, the International Dairy Federation (IDF) suggested a minimum of 10^6^ CFU of probiotics/g product should be alive at the time of consumption \[[@pone.0222789.ref066]\]. Upon the obtained results the DPP fortified yoghurt products are recommended to be used best-before 10 days of production date.

10.1371/journal.pone.0222789.t008

###### Microbiological analyses of DPP fortified yoghurt with different forms.

![](pone.0222789.t008){#pone.0222789.t008g}

  Treatments                       Zero time    5 days       10 days      15 days
  -------------------------------- ------------ ------------ ------------ ------------
  Total viable count (CFU g^-1^)                                          
  Control                          1.7 X10^6^   1.9 X10^6^   2.1 X10^6^   1.5 X10^5^
  T~1~                             1.6 X10^6^   1.8 X10^6^   2.2 X10^6^   1.7 X10^5^
  T~2~                             1.7 X10^6^   1.8 X10^6^   1.9 X10^6^   6.2 X10^4^
  T~3~                             1.8.X10^6^   2.3 X10^6^   2.6 X10^6^   2.2 X10^5^
  *Lactobacilli* sp. (CFU g^-1^)                                          
  Control                          5.3 X10^3^   5.5 X10^3^   5.7 X10^3^   3.7 X10^3^
  T~1~                             5.4 X10^3^   5.8 X10^3^   6.3X10^3^    4.5 X10^3^
  T~2~                             5.2 X10^3^   5.4 X10^3^   5.5 X10^3^   8.7 X10^2^
  T~3~                             5.1 X10^3^   5.9 X10^3^   6.4 X10^3^   4.7 X10^3^
  Yeast & Molds (CFU g^-1^)                                               
  Control                          ND           ND           ND           ND
  T~1~                             ND           ND           ND           ND
  T~2~                             ND           ND           ND           ND
  T~3~                             ND           ND           ND           ND

Control plain yoghurt, T~1~; Yoghurt enriched with DPP grains, T~2~; Yoghurt enriched with DPP ethanol extract and T~3~; Yoghurt enriched with DPP nanoencapsulated extract (40%)

Sensory evaluation {#sec041}
------------------

The sensory evaluations of fresh DPP fortified yoghurt with different forms are illustrated in ([Fig 7](#pone.0222789.g007){ref-type="fig"}). Generally, there were significant differences (p\<0.05) among treatments for flavor, body & texture and overall acceptability of sensory evaluation during storage. Yoghurt enriched with DPP grains (T~1~) scored the lowest total scores. This could be related to yellowness showed by T~1~ and T~2~ enriched yoghurt fortified with DPP grains and ethanol extract, respectively which was correlated with higher b values of their yoghurt types ([Table 7](#pone.0222789.t007){ref-type="table"}) and impact on microstructure illustrated in ([Fig 2](#pone.0222789.g002){ref-type="fig"}). On contrary, T~3~ scored the best scores of appearance and body and texture which can be connected with microstructure results ([Fig 2](#pone.0222789.g002){ref-type="fig"}). However, fresh yoghurt enriched with encapsulated DPP (T~3~) showed to be sensorial preferred as its overall acceptability value (9.43) was significantly higher than T~1~ (8.45) and T~2~ (8.95), and to control (8.73). Sensory evaluation of DPP yoghurt with different forms during storage represented in ([Table 9](#pone.0222789.t009){ref-type="table"}), reflected that significant decrease in overall acceptability could be relied mainly to flavor that was the only sensory feature significantly affected along the 15 days of storage. Based on obtained sensory data, nanoencapsulated DPP could be recommended for fortified yoghurt production with high quality sensorial aspects.

![Sensory evaluation of fresh DPP fortified yoghurt with different forms.\
Control plain yoghurt, T~1~; Yoghurt enriched with DPP grains, T~2~; Yoghurt enriched with DPP ethanol extract and T~3~; Yoghurt enriched with DPP nanoencapsulated extract (40%).](pone.0222789.g007){#pone.0222789.g007}

10.1371/journal.pone.0222789.t009

###### Sensory evaluation of DPP yoghurt with different forms during storage.

![](pone.0222789.t009){#pone.0222789.t009g}

  Treatments                  5 days            10 days            15 days            Mean
  --------------------------- ----------------- ------------------ ------------------ ------------------
  **Flavor**                                                                          
  Control                     9.8 ± 1.49        9.3 ± 1.33         8.9 ± 1.81         **9.37** ^**B**^
  T~1~                        9.1 ± 1.49        8.7 ± 1.76         8.1 ± 1.49         **8.75**^**D**^
  T~2~                        9.5 ± 1.33        9.1 ± 1.05         8.7 ± 2.36         **9.15**^**C**^
  T~3~                        9.8 ± 1.15        9.8 ± 1.49         9.8 ± 1.49         **9.72**^**A**^
  **Mean**                    **9.55**^**a**^   **9.23**^**c**^    **8.88** ^**d**^   **LSD = 0.68**
  **Body & texture**                                                                  
  Control                     7.7 ± 0.57        7.7 ± 0.63         7.4 ± 0.63         **7.73**^**D**^
  T~1~                        8.6 ± 0.54        8.8 ± 0.52         8.8± 0.52          **8.63**^**C**^
  T~2~                        8.8 ± 0.49        9.1 ± 0.49         9.1 ± 0.48         **8.90**^**B**^
  T~3~                        9.4 ± 0.44        9.4 ± 0.44         9.4 ± 0.54         **9.27**^**A**^
  **Mean**                    **8.63**^**b**^   **8.75**^**a**^    **8.68**^**ab**^   **LSD = 0.36**
  **Appearance & color**                                                              
  Control                     9 ±1.05           9 ± 0.81           9 ± 1.05           **9.0** ^**A**^
  T~1~                        7 ± 0.62          7 ± 0.78           7 ± 0.97           **7.0**^**C**^
  T~2~                        8 ± 0.78          8 ± 1.02           8 ± 0.91           **8.0**^**B**^
  T~3~                        9 ± 0.91          9 ± 0.94           9 ± 0.82           **9.0**^**A**^
  **Mean**                    **8.25**^**a**^   **8.25**^**a**^    **8.25**^**a**^    **LSD = 0.39**
  **Odour**                                                                           
  Control                     9 ± 0.94          9 ± 0.94           9 ±1.05            **9.0**^**A**^
  T~1~                        8 ± 1.129         8 ± 1.56           8 ± 1.50           **8.0**^**B**^
  T~2~                        9 ± 0.82          9 ± 0.82           9 ± 1.05           **9.0**^**A**^
  T~3~                        9 ± 0.82          9 ± 0.94           9 ± 0.82           **9.0**^**A**^
  **Mean**                    **8.75**^**a**^   **8.75**^**a**^    **8.75**^**a**^    **LSD = 0.47**
  **Overall acceptability**                                                           
  Control                     8.9 ± 2.35        8.0.± 1.7          8.4 ± 3.52         **8.73**^**C**^
  T~1~                        8.6 ± 2.6         8.5 ± 3.19         8.2 ± 82.24        **8.45**^**D**^
  T~2~                        9.1 ± 2.09        9.0 ± 1.96         8.8 ± 1.65         **8.95**^**B**^
  T~3~                        9.5 ± 2.55        9.5 ± 3.43         9.5 ± 2.21         **9.43**^**A**^
  **Mean**                    **9.04**^**a**^   **8.94**^**ab**^   **8.73**^**c**^    **LSD = 1.11**

C: Control plain yoghurt, T~1~; Yoghurt enriched with DPP grains, T~2~; Yoghurt enriched with DPP ethanol extract and T~3~; Yoghurt enriched with DPP nanoencapsulated extract (40%)

Data are expressed as means± standard deviation (n = 10).

Means with different superscripts in a row/column are significantly different at p\<0.05.

Conclusion {#sec042}
==========

In conclusion, the date palm pollen evaluation revealed its rich content of protein, carbohydrate, minerals, unsaturated fatty acids ω-3, ω-6 and ω-9 and phenolic compounds (especially catechin) which was pronounced in its antioxidant potentials. Extraction of DPP in current study, increased the levels of unsaturated fatty acids (especially ω-9, ω-6 and ω-3) and decreased the saturated fatty acids content by almost two folds, in addition to raising the ω6/ ω3 ratio from 2.31 up to 2.83, it also elevated the antioxidant potentials which reflected on the yoghurt fortified products exerting functional properties with no effects on DPP functional groups as revealed in FTIR analyses or adverse effects on starter culture viability. Furthermore, fortifying with nanoencapsulated form enabled the reformation of yoghurt products microstructure to be more similar to control, enhanced the phase separation and consequently lowered the viscosity with no effects on product color. The DPP nanocapsules were proved to be safe as it did not show any adverse effects on RPE1 cells up to 100 μg/mL. The DPP fortified yoghurt types produced in the current study can be considered as symbiotic functional product as it contained both probiotics (10^6^ CFU/g) and prebiotics represented in DPP forms. The most ideal fortification form of the DPP three examined forms (DPP grains, DPP ethanol extract and DPP nanoencapsulated) which can be recommended was DPP nanoencapsulated form with all characteristics announced through microstructure, color, FTIR, physical, TPA, microbiological and sensorial analyses, providing new properties supporting their functional bioactive roles.
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